Reduction of cerebral blood flow is an important risk factor for dementia states and other brain dysfunctions. In present study, the effects of permanent occlusion of common carotid arteries (2VO), a well established experimental model of brain ischemia, on memory function were investigated, as assessed by reference and working spatial memory protocols and the object recognition task; cell damage to the hippocampus, as measured through changes in immunoreactivity for GFAP and the neuronal marker NeuN was also studied. The working hypothesis is that metabolic impairment following hypoperfusion will affect neuron and glial function and result in functional damage. Adult male Wistar rats were submitted to the modified 2VO method, with the right common carotid artery being occluded first and the left one week later, and tested seven days, three and six months after the ischemic event. A significant cognitive deficit was found in both reference and working spatial memory, as well as in the object recognition task, three and six months after surgery. Neuronal death and reactive astrogliosis were already present at 7 days and continued for up to 3 months after the occlusion; interestingly, there was no significant reduction in hippocampal volume. Present data suggests that cognitive impairment caused by brain hypoperfusion is long -lasting and persists beyond the time point of recovery from glial activation and neuronal loss.
Introduction
Chronic cerebral hypoperfusion is thought to be an important cause of dementia in patients with cerebrovascular disease [1] , since there is a correlation between the severity of memory dysfunction and the decline in cerebral blood flow (CBF) in Alzheimer s disease, vascular dementia and post-stroke hypoperfusion [2, 3] .
Animal models have been developed to study conditions and consequences of chronic reduction in CBF that may occur in humans [1, 4, 5] . The permanent bilateral occlusion of both common carotid arteries in rats (2-vessel occlusion, 2VO) has been widely used [5] ; it causes an abrupt reduction of whole CBF to approximately 35-45% in cortical areas, and to 60% of control levels in the hippocampus [2, [6] [7] [8] .
Progressive cognitive impairment has been reported after 2VO [4] [5] [6] 9, 10] and these behavioral changes are associated with delayed onset of the CA1 cell loss, which is also often observed in human ageing and dementia states [5] including gliosis, cholinergic dysfunction and apoptosis of pyramidal neurons [11] . Considering that high mortality rates, of as much as 50%, for rats undergoing conventional 2VO have been reported [12] [13] [14] , we have recently tested an alternative protocol in which arterial occlusion was done with an interval of one week between occlusion of right and left common carotids. It was shown that this alternative method produced similar cognitive impairment with much better survival rates [15] .
Astrocytes are in close morphological and functional relation with neurons and their participation in pathophysiology of several brain disorders is strongly suggested (e.g. [16] ). Glial activation in response to injury commonly involves changes in glial fibrillary acidic protein (GFAP) and S100 calcium binding protein B (S100B) contents, as well as in glutamate levels and metabolism [17] . GFAP is a specific astrocytic marker; currently, the tissue GFAP increase is taken as an index of astrogliosis associated with brain injury conditions [18, 19] . Open access under the Elsevier OA license.
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Although cognitive deficits have frequently been reported in short-term studies of animal models of dementia [20, 21] , an important question is whether long-lasting and/or progressive deficits are also seen in these animal models [4, 9, 11] and whether these changes are accompanied by cell damage to the hippocampus, as found in dementia states in humans. An increasing number of studies have demonstrated that 2VO rats display longer escape latencies in the Morris water maze 10 [17] and 12 weeks [2] after surgery. So, the aim of the present study is to investigate whether rats suffering cerebral hypoperfusion induced by the alternative 2VO protocol will show cognitive impairment for as long as six months after surgery, and if hippocampal tissue damage, as assessed by immunoreactivity to GFAP and the neuronal marker NeuN, will appear. The working hypothesis is that chronic cerebral hypoperfusion causes long-term cognitive impairment associated with neuronal damage and astroglial activation in the hippocampus.
Experimental Procedures

Animals
Male Wistar rats, aged 3 months, were obtained from the Central Animal House of the Institute of Basic Health Sciences of the Universidade Federal do Rio Grande do Sul. They were maintained in a temperature-controlled room (21 ± 2
• C), on a 12/12 h light/dark cycle, with food and water available ad libitum. All procedures were in accordance with the Guide for the Care and Use of Laboratory Animals adopted by National Institute of Health (NIH-USA) and with the Federation of Brazilian Societies for Experimental Biology (FESBE), and were approved by the Committee of Ethics on Research of the University.
Modified two-vessel occlusion protocol, 2VO, and experimental design
Rats were anesthetized for surgery with halothane; a neck ventral midline incision was made and the common carotid arteries were then exposed and gently separated from the vagus nerve. The right common carotid artery was first occluded and the wound was sutured; one week later a new incision was made and the left carotid was occluded [22, 15] . After the procedure, rats were put on a heating pad to maintain body temperature at 37.5 ± 0.5
• C and kept on it until recovery from anesthesia [23, 15] . Sham-operated controls received the same surgical procedures without carotid artery ligation; during the interval between the occlusion of right and left carotid arteries animals were maintained in their standard home boxes. Rats were randomly assigned to sham or 2VO procedures so as to avoid any litter effect.
Experimental groups were as follows: (1) 2VO + 7 days of survival (n = 10); (2) 2VO + 3 months of survival (six months of age, n = 13); (3) 2VO + 6 months of survival (nine months of age, n = 14); (4) sham + 7 days after procedure (n = 10); (5) sham with six months of age (n = 11); (6) sham with nine months of age (n = 8). A time line of experimental events is presented in Fig. 1. 
Morris water maze
Seven days, three or six months after the 2VO surgery rats were submitted to behavioral testing for spatial memory in the Morris water maze. The maze consisted of a black circular pool, 200 cm in diameter filled with water (temperature around 23
• C, depth 40 cm) situated in a room with visual cues on the walls. A black platform, 10 cm in diameter was submerged 2 cm below the water surface. The pool was conceptually divided into four quadrants and had four points designated as starting positions (N, S, W or E) [24] . Two behavioral protocols, for reference and working memory, were run [25, 26] .
Reference memory Task
In this task rats received five training sessions (one session/day) and a probe trial in the 6th day. Each session consisted of four trials with a 15 min inter-trial interval. A trial began when the rat was placed in the water at one of the four starting positions, chosen at random, facing the wall; the order of starting positions varied in every trial and any given sequence was not repeated on acquisition phase days. The rat was given 60 s to locate the platform; if the animal did not succeed it was gently guided to the platform and left on it for 10 s. Rats were dried and returned to their home cages after each trial. The latency to find the platform was measured in each trial and the mean latency for every training day was calculated. The probe consisted of a single 60 s trial, as described before, with the platform removed. Here, the latency to reach the original platform position, the number of crossings over that place and the time spent in the target, as well as in the opposite quadrants, were measured [25, 26] . Sessions were recorded by a video acquisition system. Videotapes were scored blind by a trained observer using dedicated software (ANY-maze ® ). Videos were subsequently placed in a randomized order in a separate ANY-maze protocol for a trained observer to score, who was blind to the experimental condition, using a keyboard base.
Working memory Task
This protocol consisted of four trials/day, during four consecutive days, with the platform location changed daily. This task was performed approximately 10 days after the probe trial. Each trial was conducted as described in the reference memory protocol, with a 5 min inter-trial interval. Latency to find the platform was measured in each trial and the mean latency for every trial, over the four days, was calculated, allowing for the observation of the ability of animals to locate position on each day [25, 26] .
Object Recognition Task
The object recognition task was performed according to the protocol recently reviewed [27] and was applied seven days, three or six months after surgery. The apparatus consisted of a glass box (60 × 45 × 30 cm) where two similar objects (in shape, texture and size) were positioned equidistant from the sidewalls. Briefly, each rat was submitted to a habituation period for ten minutes 24 h before the training. After each trial, the apparatus was cleaned to reduce olfactory cues. In the second trial, test sessions were run 90 min (short term memory) and 24 h (long term memory) after training, where one of the objects was substituted by a new one. An experimenter registered the time of object exploration, i.e. touching it with paws or exploring it by olfaction with direct contact of the snout [28] . A recognition object index was calculated by the following ratios: time spent exploring the novel object (TN) by the time spent exploring the familiar (TF) and the novel object in the test session (index = TN/TN + TF). Rodents usually spent less time exploring the familiar object in the test session, which implies that they recognized the object previously presented [29, 30] .
Open Field
The task was run in a wooden box measuring 60 × 40 × 50 cm, with a frontal glass wall, and whose floor was divided by white lines into 12 equal squares. Animals were placed facing the rear left corner of the arena and observed for 3 min. The number of squares crossed with the four paws from one square to another and the number of rearings were indicative of motor activity [31, 32] . After each trial, the apparatus was cleaned with an ethanol solution (20%). Rats were tested seven days, three and six months after surgery to test. All animals were tested only once.
Morphological Analysis
Morphological analysis was performed after the last behavioral test for all experimental groups. Rats were deeply anesthetized with chloral hydrate (30%, 10 ml/kg, i.p.) and submitted to transcardiac perfusion with 0.9% saline followed by 4% formaldehyde; their brains were then removed and maintained in formaldehyde solution. For both types of morphological analysis, estimation of hippocampus volume and immunohistochemical analysis, brains were cryoprotected with a 30% sucrose solution for two days and then sectioned; coronal 50 m thickness sections were obtained using a cryostat (Leica).
The volume of hippocampus was estimated by the use of the Cavalieri method [33, 34] . Briefly, 50 m sections covering the whole hippocampus were mounted on gelatinized glass slides and stained with hematoxylin and eosin; the Image J program (NIH, USA) was utilized to delineate and estimate the hippocampus and dentate gyrus area [35] . The volume of hippocampus was calculated by the sum of areas multiplied by the section interval. The Ammon's horn volume was calculated as the difference between the entire hippocampus and dentate gyrus volumes [34] . Analysis was performed seven days, three and six months after surgery.
For the immunohistochemical investigation, coronal sections from 5 to 6 rats per group were stained for the astrocytic marker rabbit anti-glial fibrillary acidic protein (GFAP, 1:250, Sigma-Aldrich) and for the neuronal marker mouse anti-neuronalspecific nuclear protein (NeuN, 1:250, Chemicon). Secondary antibodies were goat anti-rabbit IgG Alexa 488 (1:500, Molecular Probes) and goat anti-mouse IgG Alexa 555 (1:500, Molecular Probes). Briefly, sections were fixed in 4% PFA, washed in PBS and blocked for 30 min with 3% normal goat serum (Sigma-Aldrich) in PBS with 0.3% Triton-X (PBS-Tx) at room temperature. Then, sections were incubated overnight with primary antibody at 4
• C with PBS-Tx with 3% NGS. In the next day sections were washed in PBS and incubated with secondary fluorescence antibody for 2 h at room temperature in a dark chamber, washed in PBS, mounted and cover slipped with antifading mounting medium PVA-DABCO (Fluka Analytical). A laser scanning confocal microscope (Olympus FV1000) was used to visualize the fluorescent dyes (excitation wavelengths of 488 and 555 nm) in two randomized areas (40 × magnifications) within the CA1 subfield of hippocampus.
Primary antibodies were omitted in negative controls for immunofluorescence stains. The samples were processed at the same time and incubated within the same medium during the same period. All conditions and magnifications were kept constant during the capture process. ImageJ 1.14u software was used to measure the intensities of the fluorescent signals in areas labeled for NeuN and GFAP after background correction. Each analysis was performed using 4 fields obtained from both hemispheres of 4 coronal sections (2835.4 m 2 -total area analyzed per section). The observer was blind to animals' experimental condition during image analysis. 
Statistical analysis
Behavioral performance in reference memory was analyzed using a one-way repeated-measures analysis of variance (ANOVA) with lesion as independent variable and session as the repeated measure. Variables of the working memory in the Morris Water Maze and volumes of hippocampus were analyzed by one-way ANOVA, followed by post-hoc Duncan s test for multiple comparisons, when necessary. Statistical analysis for object recognition task, morphological analysis and imunohistochemistry measurements were performed by Student t-test (unpaired) and One-Way ANOVA followed by Newman-Keuls Multiple Comparisons test.
Data are expressed as means ± SEM. Probability values less than 5% (p < .05) were considered significant. Statistical analysis was performed using the Statistica ® software package running on a compatible personal computer.
Results
Behavioral Analysis
Ischemic animals surviving 3 and 6 months after 2VO showed impairment of reference memory performance (Fig. 2) , as compared to controls (One-Way ANOVA for repeated measures, 3 months after surgery: F(1,22) = 29.97, p < .00001; 6 months after surgery: F(1, 20) = 16.045, p < .00001). Post-hoc tests indicated that both ischemic groups had significantly greater latencies to reach the platform position, made less crossings and spent less time in the target quadrant, as compared to controls in the probe trial (p < .05, Table 1 ). Ischemic rats tested seven days after surgery, no cognitive impairment in this task.
Performance on the working memory task followed the same pattern of result (Fig. 3) ; one-way ANOVA revealed significant differences in escape latency of ischemic animals 3 months after surgery on the 2nd (F(1,22) ). Again, rats tested 7 days after surgery had no impairment (p > 05 for all trials). It is worth Table 1 Probe trial of the reference memory task in the Water Maze. Number of platform crossings, latency to find the platform position (s) and the spent time in target and opposite quadrant (s). Data are expressed as means ± S.E.M. *Different from sham and ischemic group (ANOVA followed by Duncan s test, p < .05). The effects of 2VO surgery on recognition memory were analyzed in the object recognition task (Fig. 4) . During training, controls and ischemic animals showed no significant difference in total exploration time of objects (p > .05). Seven days after surgery, both short and long-term memory was not affected in control and ischemic groups (Fig. 4A) . Thus, control and ischemic groups spent more time in the novel than familiar object (F(5,28) = 4.447, p < .005) 90 minutes and 24 hours after the training session. However, both short and long-term memory were affected in 3 months (Fig. 4B) (F(5,31) = 3.851, p < .01) and 6 months (Fig. 4C ) after surgery (F(5,37) = 7.462, p < .0001), indicating that chronic hypoperfusion impairs recognition memory in rats.
Crossings
Comparable swimming speeds of control and ischemic rats suggested that permanent bilateral occlusion of the common carotid arteries did not impair motor performance. This was confirmed by similar numbers of crossings and rearings during three minute sessions in the open field (data nor presented). hippocampus tissue, as revealed by total hippocampus and Ammon's horn estimated volumes (Table 2 ).
Hippocampal Volume
Immunohistochemistry
Representative photomicrographs of GFAP and NeuN immunofluorescence of CA1 subfield of hippocampus are shown in Figs. 5 and 6. Rats sacrificed 7 days after 2VO had a significant increase of GFAP, with decreased NeuN immunocontent, when compared with respective controls (p < .005).
A significant decrease in CA1 NeuN content was observed three months after the beginning of cerebral hypoperfusion, as compared to fluorescent signals from control rats (p < .05); however no significant effects on GFAP and NeuN immunofluorescence were observed six months after surgery, as show in Table 3 . 
Discussion
The permanent bilateral occlusion of common carotid arteries (2VO) is a well established rodent model to investigate the effects of chronic cerebral hypoperfusion on cognitive dysfunction and neurodegenerative processes. Progressive cognitive impairment, neuronal loss, cholinergic dysfunction and astrogliosis in the hippocampus have been associated with the 2VO hypoperfusion [36] . Results here presented show consistent memory impairment three and six months, but not 7 days, after 2VO, as assessed by water maze and object recognition tasks. Although morphometry did not show any major loss of hippocampus tissue in ischemic animals, imunohistochemistry revealed GFAP and NeuN changes in the pyramidal layer of hippocampus in the earlier periods, but not 6 months after the event.
Chronic hypoperfusion produced by 2VO affects cognitive function studied in a hippocampus-dependent spatial task, the water maze, both three and six months after surgery (Figs. 2 and 3) . Previous studies have reported that 2VO provokes short and long term memory impairments using passive avoidance, Y-maze, eight-arm radial maze tasks [37] and Morris Water Maze task [38, 9, 4] . Interestingly, it was also shown that spatial memory gradually worsened as the survival times extended from 4 up to 20 weeks after vessel ligation [20] . It is important to emphasize that locomotor activity in 2VO animals is intact in this model, as demonstrated by open field performance and corroborated by other authors [39] . We are then allowed to suggest that functional consequences of neurodegeneration appear as the chronic phase of 2VO-induced cerebral hypoperfusion takes place.
A point to consider is whether learning ability can return to normal levels on the cessation of carotid occlusion by the compensatory or adaptive mechanisms, such as artery dilation, recruitment of nonperfused capillaries and angiogenesis [40, 41] , occurring in the chronic phase of ischemic event, i.e. up to 3 months postsurgery [5] . Our results suggest that the cognitive deficit remains after six months (24 weeks) of surgery, corroborating previous studies [42, 9] .
Recognition memory confers the ability to discriminate between novel and familiar entities, and lesion experiments with rodents and non-human primates indicate that functional integrity of the temporal lobe, specially the hippocampus, is essential for encoding, storage and expression of this type of memory [43, 44] . Although it has been described that object recognition is impaired in the acute model of permanent bilateral carotids occlusion [22] , we here reported cognitive impairment that remains through the chronic phase, six months, of hypoperfusion (Fig. 4) . This adds good support to the concept that the chronic phase of 2VO plays a major role in the gradual deterioration of learning ability.
In this paper, morphometric analysis revealed an overall normal architecture in the hippocampus of 2VO rats (Table 2) . Histological outcome after 2VO studies is conflicting. Some authors found a direct correlation between cerebral hypoperfusion-induced memory deficit and neuronal atrophy [9, 42, 45] or an association of impaired learning performance 3 weeks after the procedure with a significant pyramidal cell loss in the CA1 region [46] . However, other studies did not find progressive tissue damage in younger rats with chronic occlusions [47, 48, 14] and Murakami et al. [49] reported that mice with chronic cerebral hypoperfusion exhibit learning impairments in a water maze task without marked histological alterations in the hippocampus.
Our results clearly demonstrate that some neuronal damage and reactive astrogliosis happens in the acute phase and continue for approximately 3 months after the occlusion (Figs. 5 and 6 ). GFAP is commonly used as a marker for changes in astroglial cells during brain development and injury [18] . In fact, central nervous system injury occurring as a consequence of trauma, disease, genetic disorders, or chemical insult, causes astrocytes to become reactive, a condition characterized by an increase in GFAP [50] . Besides the increased presence of microglia in 2VO brains, we have observed that overt microglial activation in the hippocampal CA1 subfield clearly coincides with pyramidal cell death in some animals (∼15-20%) after survival for 2 weeks [21] , corroborating our data. However, this cell damage does not coincide with the cognitive impairment that occurs in the chronic phase of this model [5] .
We also demonstrate a reduced number of NeuNimmunoreactive cells at 7 days and 3 months; whereas 6 months after 2VO the values have returned to normal level. Our results suggest the occurrence of dynamic, microvascular remodeling following the changes in CBF and the number of NeuN-immunoreactive cells could be due to angiogenesis followed by hippocampal neurogenesis. Compensatory blood flow may be provided through artery dilation, the recruitment of nonperfused capillaries, angiogenesis and biochemical regulation of the CBF, as well as an enhanced immunocytochemical signal for vascular endothelial growth factor in hippocampus after 4 weeks of 2VO surgery [5] . Between 8 weeks and 3 months, either only a slight reduction or virtually no reduction has been reported [2, 6] . Finally, after 6 months of 2VO, the CBF was indistinguishable from the control [40] . Additionally, the generation of new blood vessels facilitates highly coupled neurorestorative processes including neurogenesis; thus, neurogenesis and angiogenesis might be mechanistically linked [51] and may explain our results.
A possible explanation for the failure of increased neuronal density at 6 months to improve performance in the water maze and object recognition tasks may be that these neurons were not sufficiently functional to support cognitive processing. Chronic cerebral hypoperfusion to induce lower supply of energy substrates [5] affects dendritic arborizations and synaptic contacts, decreasing a cytoskeletal phosphoprotein associated with dendritic microtubules (MAP-2) signals and synaptophysin protein, which correlated strongly with the loss of cognitive function [20, 52, 53] .
Concluding, it was here reported that 2VO chronic cerebral hypoperfusion causes long lasting cognitive deficits, as assessed by spatial and object recognition tasks for up to six months after the event. Although no major tissue loss was evident, immunohistochemistry revealed acute reactive astrogliosis and neuronal loss in the hippocampus. Additional studies are needed to determine the cellular substrate of long-term cognitive impairment following hypoperfusion.
